Examination of a series of isolates of Providencia stuartii collected over an 18 month period from a chronic-care patient at Bristol Royal Infirmary revealed the emergence of resistance to carbenicillin. Resistance was mediated by a 47 kb plasmid which transferred by conjugation to a plasmid-free strain of P . stuartii but not to Escherichia coli. Carbenicillin-sensitive isolates were either plasmid-free or contained a 36 kb cryptic plasmid. Restriction endonuclease mapping of this plasmid showed it to be closely related to 32 kb and 34 kb cryptic plasmids reported previously in P . stuartii from Bristol. Mapping of the R plasmid showed it to be derived from the 34 kb cryptic plasmid by transposition of two copies of Tnl.
INTRODUCTION
Resistance to some widely used P-lactam antibiotics in Gram-negative bacteria of the family Enterobacteriaceae is commonly due to the production of the TEM-type p-lactamases (Matthew, 1979) . The genes encoding these enzymes are located on transposons which may be subdivided into Tnl type or Tn3 type (Heffron et al., 1977) . The ability of transposons to move from plasmid to plasmid provides a means whereby R plasmids Carl evolve to carry resistance genes to many antibiotics, or can acquire other genes which confer traits desirable to the host bacterium, such as colonization ability or toxin production. Because these events are rare it is unusual to have a comprehensive record of individual genes, plasmids and strains of bacteria involved in a related clinical incident.
The movement of resistance genes by transpositiob from one R plasmid to another in clinical isolates of bacteria has been documented (Rubens 'et al., 1981) . However, it is reasonable to presume that R plasmids may evolve by transposition of a transposon encoding drug resistance onto a plasmid lacking any other resistance markers. Cryptic plasmids are plasmids which confer no identifiable phenotype on the host cell; they are widely distributed in many species of Gram-negative bacteria and have been described in Providencia stuartii (McHale et al., 1981 ; Hawkey et al., 1984) . It has been postulated that the R plasmids mediating TEM-type plactamase production in Haemophilus inzuenzae and Neisseria gonorrhoeae have evolved from resident cryptic plasmids by transposition. Although the precise nature of the 'parent' cryptic plasmid is not clear, DNA heteroduplex studies suggest that plasmids of both species share a common origin (Roberts et al., 1977) . Here we present data which show the probable path of evolution of an R plasmid in clinical isolates of P . stuartii by the transposition of two copies of Tnl onto an indigenous cryptic plasmid.
METHODS

Bacterialstrains.
Strains of P . stuartii were isolated from a patient who was cared for both as an outpatient and as an inpatient at the Bristol Royal Infirmary, UK (Table 1) * All strains are resistant to gentamicin due to the production of aminoglycoside acetyltransferase (2') (identified on the basis of susceptibility profiles), which is chromosomally mediated (Hawkey, 1984) . Unless otherwise stated all strains were isolated from patient MD.
t Strains isolated from a colonization study at the Bristol General Hospital and described previously (Hawkey et al., 1984) .
multiple courses of antibiotics, including 1-lactams such as ampicillin and carbenicillin. Urine cultures from March 1979 to October 1981 yielded P . stuartii, with the exception of a period during August 1981. The patient had very few symptoms from carriage of the organism in urine and at no time was the organism isolated from blood cultures.
Other bacterial strains used were Escherichia coli UB281 (Pro-Met-NaP) (Bennett & Richmond, 1976) , E. coli UB5201 (alternatively UB281 RecA-) (Sanchez et al., 1982), E. coli JC6310 (Trp-His-Lys-RecA-Strr) (Bennett & Richmond, 1976) and P . stuartii P308 (NaP RiP Gens). This last strain is a derivative (Nalr Rip) of a plasmidfree, gentamicin-sensitive clinical isolate from the urine of a patient at the Bristol General Hospital, produced by serial subculture on antibioticcontaining agar plates.
Bacterialplasmids. The plasmids used were those isolated from P. stuartii (Table l) , and R388, an IncW, selftransmissible plasmid which confers resistance to trimethoprim and sulphonamide (Datta & Hedges, 1972) .
Antibiotic and heavy metal susceptibility determination. All isolates of P. stuartii were tested for susceptibility to antibiotics and heavy metal ions as described previously .
Gene transfer by mating and transpositionfrequency. The surface mating technique of Bradley et al. (1980) was used. Three different donor strains were streaked at right angles to the recipient streak on each plate, and the plates were then incubated at 37 "C for 18 h. The bacterial growth at the point of intersection of the donor and recipient strains was removed with a loop and plated on the appropriate selective medium. Antibiotics were incorporated in Bacto heart infusion agar (Difco) at the following concentrations : gentamicin, 10 mg 1-I ; carbenicillin, 500 mg 1-I ; nalidixic acid, 25 mg 1-I ; streptomycin, 200 mg 1-' ; and rifampicin, 100 mg 1-'. Trimethoprim (25 mg 1-I) was incorporated in minimal salts agar supplemented with the growth requirements for E. coli JC6310.
Transposition frequency experiments were done as described previously (Bennett & Richmond, 1976) . Identijcation of B-lactamases. /I-Lactamases were released from strains of P. stuartii and standard strains of E. coli and Pseudomonas aeruginosa by a rapid freeze-thaw technique (Bidwell & Reeves, 1980) . The released enzymes were identified by isoelectric focusing as described by Matthew et al. (1975) .
Isolation ofplasmid DNA. Plasmid DNA was isolated according to Hansen & Olsen (1978) and Casse et al.
( 1 979), and was purified on ethidium bromidelcaesium chloride density gradients. Plasmid DNA was resuspended in 500 p1 10 mM-Tris/HCl pH 7-0, 0.1 mM-EDTA, and was stored frozen at -20 "C.
Estimation of contour lengths and homoduplex analysis of plasmids. Plasmid size was estimated as described previously (Robinson et al., 1977) . Plasmid DNA homoduplex analysis was done as described previously (Bennett et al., 1980) .
Restriction endonuclease digestion and physical mapping of plasmids. Purified plasmid DNA was digested according to the manufacturer's instructions with the following restriction endonucleases, singly and in all paired combinations: BglII, BamHI, EcoRI, KpnI, HpaI and PstI (BRL).
DNA fragments were separated electrophoretically in 1.0% (w/v) agarose slab gels. Fragment size was determined by comparison with standards of 1 DNA digested with BglI or BglIIIEcoRI included in each gel.
RESULTS
Detection of plasmids in P . stuartii. Two of the strains examined in this study were not isolated from MD (Table 1) ; their sensitivity to a wide range of antibiotics and heavy metal ions has been reported by Hawkey et al. (1984) . All isolates from MD from 30 March 1981 to 7 October 1981 were resistant to carbenicillin whereas those made prior to 30 March 1981 were sensitive to this drug. Otherwise all isolates were resistant to gentamicin (Table 1) . No heavy metal resistance was found in any of the isolates. The plasmid content of these strains and the sizes of their plasmids are shown in Table 1 ; no strain contained more than one plasmid. On the basis of this information, and by analogy with the plasmids reported in a previous study , it was assumed that the 47 kb plasmid (exemplified by pUB2660) conferred carbenicillin resistance, and that the three smaller plasmids, namely pUB2658, pUB2659 and pUB2945, were cryptic.
Conjugation experiments. Strain P306, which contained pUB2660, was used as donor in conjugation experiments. Attempts to transfer gentamicin or carbenicillin resistance from P306 to E. coli UB281, using both broth and plate mating systems, were unsuccessful. However, carbenicillin resistance could be transferred from P306 to the plasmid-free strain, P . stuartii P308. Chromosomally mediated gentamicin resistance was not transferred.
Plasmid R388 was conjugated into P. stuartii P306 and transconjugants were selected on a glucose-supplemented minimal salts agar containing trimethoprim. After storage on Dorset egg slopes to optimize the frequency of any transposition (Wallace et al., 1981) , single colonies of P. stuartii P306(R388) were plate-mated with E. coli UB281. Transconjugants of this mating, selected on nutrient agar containing nalidixic acid and carbenicillin, were also resistant to trimethoprim. These transconjugants were in turn used as donors in liquid matings with E. coli JC63 10, and progeny were selected on glucose-supplemented minimal salts agar containing streptomycin and either carbenicillin or trimethoprim. Transconjugants from this mating, tested to determine acquisition of the alternative marker, all displayed resistance to both trimethoprim and carbenicillin, irrespective of selection. Thus these markers were linked in all the E. coli transconjugants, suggesting that some form of recombination, possibly transposition, had occurred between R388 and the carbenicillin resistance determinant of pUB2660.
IdentiJication of p-lactamases. P. stuartii P306, containing pUB2660, produced a TEM2-type Blactamase that is encoded by a gene commonly found as a constituent of Tnl, which is consistent with the suspected transposon nature of the marker.
Relationship ofpUB2660 to the cryptic plasmids found in P. stuartii. The origins and sizes of the various plasmids examined in this study are shown in Table 1 . Digestion of plasmid DNA with several restriction endonucleases enabled 'restriction maps' to be constructed for each plasmid. Three types of cryptic plasmid were distinguished in the study and for ease of reference these are called cryptic plasmid types (CPT) A, B and C, typified by plasmids pUB2659, pUB2658 and pUB2945 respectively (Fig. 1) . The only difference detected between pUB2659 (CPT-A) and pUB2658 (CPT-B) was a 2 kb deletion in the latter which includes the BglII site located between co-ordinates 15 and 20 on pUB2659 (CPT-A) (Fig. 1) . Plasmid pUB2945 (CPT-C) is also related to pUB2659 (CPT-A) but the differences are more marked than between pUB2658 (CPT-B) and pUB2659 (CPT-A). Plasmid pUB2945 (CPT-C) is approximately 2 kb larger than pUB2659 (CPT-A) and has two PstI sites at co-ordinates 11 and 32 that are not present on pUB2659 (CPT-A) (Fig. 1) . The larger segment of DNA between these PstI sites on pUB2945 (CPT-C) (i.e. between co-ordinates 11 to 32) is indistinguishable, in terms of restriction pattern, from the equivalent region of pUB2659 (CPT-A) (co-ordinates 5 to 25); the other segment (co-ordinates 32 to 11) also has the same restriction pattern as the equivalent region of pUB2659 (CPT-A) (coordinates 25 to 5), but this segment is inverted relative to that present on pUB2659 (CPT-A). The two new PstI sites and the increase in size indicate two separate insertions.
Plasmid pUB2660, which encodes carbenicillin resistance, is closely related to pUB2659 (CPT-A). The additional restriction endonuclease sites (for BamHI, KpnI and PstI) (Fig. 1) are those that are consistent with the acquisition of two copies of Tnl. From restriction analysis, it was concluded that the two copies of Tnl are carried as inverted repeats. Homoduplex analysis of pUB2660 DNA confirmed the presence on the plasmid of inverted repeats of size 5.0 kb, as expected. Size estimates (Table 1 ) and restriction enzyme analysis of pUB2943 and pUB2944 indicated that these plasmids were indistinguishable from pUB2660. 
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Translocation ofparts ofpUB2660 to R388. Restriction endonuclease site mapping of several of the R388 derivatives generated in the conjugation experiments described above revealed them to be single transpositions of Tnl to R388, with one exception. In this case, a single 63 kb plasmid, mediating carbenicillin and trimethoprim resistance, was found, and was designated pUB2946. Restriction endonuclease site mapping of pUB2946 indicated an intact R388 into which had transposed both copies of Tnl from pUB2660 together with the longer of the two intervening plasmid sequences (i.e. that located approximately between co-ordinates 5 to 30) (Fig. 1) . We have designated this transposed sequence Tn826.
DISCUSSION
Plasmid pUB2660 is of more than usual interest in that it is an example of a plasmid stably carrying two copies of Tnl. To our knowledge this is the first reported isolation of such a plasmid from a natural isolate as distinct from a laboratory construct. The copies of T n l are present as inverted repeats, as are those in plasmids constructed in vitro (Robinson et al., 1978) and in vivo (Dobritsa et al., 1980; Robinson et al., 1978) . Plasmid pUB2660 differs from the cryptic plasmid pUB2659 (CPT-A) only with respect to the two copies of T n l and therefore it is reasonable to conclude that pUB2660 is derived from a CPT-A-type plasmid by dual insertion of Tnl. The source of Tnl is unknown, as is the time and place of the proposed rearrangements.
DNA rearrangements, and therefore evolution of plasmids, are not uncommon, as is illustrated by the isolation of four different but quite clearly related plasmids from different clinical isolates of P. stuartii. Two plasmids [pUB2658 (CPT-B), pUB2659 (CPT-A)] were carried by strains isolated in the Bristol General Hospital while two others [pUB2945 (CPT-C), pUB26601 were isolated from strains from a patient (MD) who was resident in the Bristol Royal Infirmary. It is of interest that patients from the Bristol General Hospital frequently attend subsequently as outpatients at the Bristol Royal Infirmary. Hence, interchange of strains among these patients is likely. Plasmid pUB2658 (CPT-B) may have been derived from a CPT-A-type plasmid by deletion (2 kb); alternatively pUB2659 (CPT-A) may be derived from a CPT-B-type plasmid by insertion of a 2 kb sequence, possibly an insertion sequence. The derivation of pUB2945 (CPT-C) is more complex. It could be derived from a CPT-A-type plasmid by the insertion of two Tnl sequences to produce pUB2660, followed by recombination between the two copies of Tnl, resulting in the observed inversion of the pUB2659 (CPT-A) sequences, followed by a double deletion of the Tnl sequences involving both copies of the /?-lactamase gene (bla). This is consistent with the fact that the two PstI sites of pUB2945 (CPT-C) are located at exactly the same point as are the two PstI sites within the bla genes on pUB2660. However, although the Tnl-mediated inversion is possible, a double deletion of similar, if not identical Tnl sequences is difficult to explain. Furthermore the sequence of isolation of pUB2945 (CPT-C) and pUB2660 was the reverse of this proposed evolutionary sequence. An alternative explanation would be the insertion of two IS elements of about 1 kb into a CPT-Atype plasmid at the same or similar sites to those occupied by the T n l elements of pUB2660 so as to place two PstI sites at locations indistinguishable from those within the bla genes of pUB2660, followed by recombination between the IS elements. Further molecular analysis is required to distinguish these, or possibly other, alternatives.
A potentially significant consequence of a plasmid carrying two copies of T n l is the transposition of the two copies of Tnl together with the flanked DNA (Dobritsa et al., 1983) . Plasmid pUB2946 is the consequence of just such a transposition from pUB2660 to R388. The derivative plasmid carries, in addition to the two copies of Tnl, approximately 20 kb of DNA unrelated to Tnl, obtained from pUB2660. P. stuartii P306, which contains pUB2660, is a clinical isolate and transfer of other plasmids to it is likely. Hence the potential for redistribution of normally non-transposable genes, as incorporated in Tn826, would seem to be considerable. The arrangement of DNA comprising Tn826 is one of two possible transposons incorporating pUB2660 DNA in addition to Tnl (Dobritsa et al., 1983) . This transposition of normally nontransposable DNA overcomes the host-range limitation of pUB2660, exemplified by its inability to transfer from P . stuartii to E. coli, and potentially permits wide dispersal of pUB2660 genes. The finding that pUB2660 did not transfer directly to E. coli, although it did transfer to another strain of P. stuartii, was not unduly surprising as the plasmids of Providencia spp. can display a limited host range (Hawkey, 1984) .
The movement of R plasmids from one bacterial species to another in the hospital setting has been reported (O'Brien et al., 1980; Tomkins et al., 1980) . The movement of resistance genes from R plasmid to R plasmid in natural populations has also been documented (Rubens et al., 1981) . Here we have shown that R plasmids may arise from cryptic, indigenous plasmids by acquisition of transposons carrying drug-resistance gene(s). This accretion of useful genes on plasmids adapted to a particular host is likely to be a dynamic and continuous process, resulting in the widespread dissemination of generally useful genes, as indeed has been seen for many drug-resistance determinates.
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